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) . . - 'By rapidly quen.chlpg liquid alloys, single-phase copper-righ solid * ¢
solutions are obtained from 0-20 at. pct. Fe. The plot-of lattiee spacings
. L . . . ]
* * vs. compositfon exhibits a distinct maximum near 7.2 + 0.5 ate pcte Fe and
. . - this extremum 18 tentatively associated with a magnetic trans{tion, Bodye xS
centered cubfe iron-rieh phases containing about 5-10 at. pet. eopper
. coexist with face-centered cubic copper-rich phases of rather widely varying-
- co_npositions' in the range, 20 - about 80 at. pct. Fe. At least 10 at. pct. Cu o
] is vetained in solid solution im the tron+rich phase, for which thg lattice . :
. spacing {ncreases by 1.1 +0.1x 10-3 2 per at. pct, Cv. - : -
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¢ * l¢ INTRODUCTION -
. . L]
* ® e *
By rapidly gooling alloys from the melt, metastable solid solutions
® « ® ]
8an 8ften be obtained gor componengs of similar crystal structure which normally
. forn eugeetie or perftectic systems, The inabilfyy to acheve a continuous
[ ]
°

series of oingleq:hase solid so!‘utions i.r; Qu-Co allogs by quenching in this
(¢}

way my be gelaged to the rapid segregation occurrin,g whthin the mincquity

* . =g8p in ;he undetfeooled melts,. In the preseng Investfgatfons MFe alloya

., were quenched from the melt and examined by means of x-ray diffraction in order

* . o . . * . ®
o . * to determlne the extent of solid solubilitles and 0 further delineate the ®
. role of the m!actbility gap (Fige 1) In the solidifteation ptocess. . ) s

httice spaeinss of the copper-r!ch face-centered eubic (fcc) solid

s0
L]
] i

soluttons wete determined with the DebyeeSgherfer gechnique and ¢ompared wigh

pteviouc watk‘”. Similaply, lattice spe'cings vere obtained for ‘the igons
. R " rich 'bgdy-gengegel Subie (bec) solld solutions resulting from the diffusionless

. ° Y- G transformation, . . ] .

T . .o . 2, wzmmm nocl:wnzs y e . -.

.
. . P
. L) °

. .o :. Alloys wegeé prepared fro:n e!ements of’ greetet' than 99.9% put!tro Some S
et of the copper-rich alloys vese cast tnu vn:es but -most @f the alloys were
-; . "prepaged from veduged powlders that wege mixed F5+120 he, pressed inge &ompagis

. e that vere sintered .at-1000°C for 28-48 .hr under hy&togen‘ and them fugpage < i

* * ' cooled, Thc methods of alloy prepagation we!e vety simnas ta those Jesgribed °
* for the Cu-Co !nvest!gat!on‘ ). as we:e the ‘uencb!ns technlques. Beeeuse *t " *

¢ of the greater reecuvity of igen, the iron-rich elfoya were liberelly ‘covered

» . ' with 4800 while as. eleve;ed tewefatutes.
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The flakes obtained for the quenched trov8rich alloys were invariably
less than } mm, in areay with sligh;lx larger flnkeg obtained for the copper-

o
rich alloysg The x-ray procedures and Debye Scherre; film work were much the

same as previouslx described‘l)“)(n. Nickelofi‘;&red Oug radfation (x(Cu.Kd’ =

1954178 &, R (Cuke, ) = 1454050 &) was used fof the aitoys Sontaining less than

6§. at .A pcte Fe§ ironsfilgered CoK Padiation (W (GoKyy = !.39(220 & was used for

]
the alloys of greater igon gontent, A%l work was done ag room gemperatureg
[ )] .
4 . * ®
d¢ EXPERPMENTAY RESUITS ® ®

25 + 2°Q,

The gelaglve ¢y{sual :ngenszz;es wf ghe phases J:teuea &n ihe fO‘fms of
the quenche? alleys afe pgesenged Ln Pable 3, vith she Intedshsy of $he
fedenlpang phase aphitgazlly la'ﬁel. as "cpegnd¥s %he legitee spad¥ngs of
she fgg stru@tures slegetBed fn ghe adhoys @ontalalng ¥p 4§ 09 ate pBte re'
are plocted 18 Fstre 2, Together with Rhe dags 6F Inlefsc® snd Rangsbyay &P

and ghe diseerdang Qagum of Futghfsey ang !{eelglgc”g ek apgle “fflﬂlﬂu.

Woes wePe gesofved fap the cq styubtufes In adloys @ontalelng &p §¢ 20.0
a8 Psbe §e; Rhne® fof al} gther spyudiuren U Me querBhe® a'lo‘s wefe dot
Pesojvedy -

* Pop the a¥oys Contalnipg moge Thap 8ge ag. Pet. Fe, ‘c;.gﬁzsea Wn

$attiq? spagings Between 9.6!9 and 3.63.’ wefe 9g0asfonally deteltefy HowetePy

thege was 2@ dbse®ab¥e hffe;ente fn ghe latetge spaglogs of ghe predominang

phages witly these fge phases pleseny of absenge The Yagtile parametdrs fof the

- | 4
beg*strucgures age: gomposition latgice gsntameter o
(akepateFed (
954 * 2.8728 + 10
92,5 2.8745 ¥ 10
¢ 90, R ® 3a8l7Q + i‘ °
o 886 ° o o @ 2,8810
° o 2800, 185, . 2.877a%
%65, 5 o 29816 * 2

-~ .
* - R %
-



g . ®
.‘ [ [ ] B
{ e o &
i EY ®
© E
i L ®
¢ L ®
o ®
; ® o o

g b
[ ]
I

el
‘ 4
Table lg Relagive visua} intensities of phases
detected in quenched Cu-Fe alloys,
- & 9
[
®
®omposiffon fate péte Fe) sgructures
F LN 3
] 59 205, 8¢5, 6.0, 645, 7.24 848,
845, 10,9, 1045, 12.0, 15.0, 17.0 L
184§, 20,0* $50e
° .
: ®
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For pure, quenched iron, a = 2.8665 + 8 8, with the high angle lines
resolved. Latfice spacings for the minority bcc piases in the alloys of higher
]
copper content ranged from 2.870 to 2.876 £. A1l 1attice spacings are from

)
three or more independent determinations and are considered quite reproducible °

except for the aforementioned fcc phases in the iron-rich alloys.

o
%@ DISCUSSION .

el Solfdificationgand the Metastable Miscibflity Gap ¢ ° °

Several of the me.chanisms 1:¥olved in the metastable extensions of solid @

solub®igy oP imy she ocPas! ».a¥ refenflon of noneqyilibrium phases by the rapid

[ )
cooT.ing of 1iquid a!foys have been dislussed previous!y”““g’. Of greatest
)

perc‘inenge ‘tege are the experimen;sm wigh Cu.:o alloyse whigh glearu
demonstrated ghe need ‘u’ @onsidering ghe segregaglom Professes oggurring
within the misgibility gap in the undegcooled meltg

A portion of she boundarg of the mfs.gibiltq gap der un@egocfets QugFe
liquid a!’oys has been direcu; determined b‘ Nakagawatl% an& as shown in

@
Fige 1, the remain®er $as been esgbmated to befow the 8eritecti‘ semperature

o
according to the equatim(a)o ®
~
®
° o 3720 (1-2e) 2
° T(K) = T-c 9.911 + 0.378 gl-2cq
log 5
c

wvhere ¢ is the atomic fraction of eopper or ironm, .

If the diffusion processes in the liquid alloys are as rapid as might

be expected from the data(lo) for some elements, microscopic segregation
]

o
within the miscibility gap would not be suppressed even with the very high
¢ & P
cooling rates employed in the present experiments. If could then be suggested
o *
[
* v -
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that single-phase copper-rich solid solutions would not be obtained for alloys

with an iron concentration greater than that fixed by the intersection of the
4 ol 5

gap boundary and the peritectic temperature - about 9 at. pct. Fe. Single-

phase copper-rich solid solutions were obtajped to about 20 at. pct. Fe,

e AL R e

however, ntﬁ this reasoning is perforce invalid if the miscibility gapg

boundary is reliable. It does not appear that much information about the

e g e, e

postulated segregatio®within th‘ miscibility gap can be deduced from the °
iron-rich alloys because of the diffusionless solid state transformation.
Since the miscibility gap is approximately symmetrical, reasoning as above
suggests that single-phase solid solutions would not be obtained from the
melt for alloys containiag less than about 91 atg pct. Fe. .A much better
correla.tion between the limits oémetastable single-phase solid solubility and o
the gap-peritectic temperature intersections was found for the Cu-Co alloys 1)

than for the Cu-l;e system. o o

For the quenched alloys’of intermediate iron concentration, there is

much similarity with the data from the Cu-Co invest&ationu)? 1.e.., there

is one phase of relatively constant latsice spacing (and hence congosition)
’ ‘ and another phase of varying composition. For the Cu-Fe llloys‘ the ironi
rich solid solutions contain nbo?xt 5-10 at. p‘ct. Fe within the two-phase
region; on the other hand, for the Cu-Co alloys, the copper-rich phase was
found to var: only slightly in composition. .In order to account for the
Cu-Co results, it was suggested( ) that copper-rich clusters contagxing about
g 10 at. pct. Co separated out preferentially d?:ring the undercooling into the
miscibility gap. By analogy, iron-rich clusters containing less thau about
- 10 at. pct. Cu may preferentially segregate during the undercoolin’g, then
; solidify and transform to bcc upon further cooling. ¢

[¥]
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4.2 Lattice spacings of the fcc solid solutions - o

The variation of the present lattice spacings with composition (Fig. 2)

for the copper-rich alloys 1is in good agreement with the results of Andersen

®)

and Kingsbury' ’, although there 1s some disagreement in absolute value. This

- éiacrepancy may be due to the q}fferent temperatures at which the x-ray
measurements wWere carried out and perhaps to the different extrapolation
procedures*: In his comprehensive compilation(s) , Pearson expresses some
surprise that solution of iron increases the lattice spacing of copper but
nevertheless recommends the Andersen-Kingsbury results to the datum of
Hutchison and Reekie(s) because the former's alloys are more nearly in
equilibrium._ This‘would appear to be an irrelevant criterion here since
the present quenched alloys are hardly in equilibrium. Another lattice
spacing investigation of the copper-rich iron alloys was carried out by
Bradley and Goldnchmidt(ll). Despite some data to the contrary, the:: °

(-]
workers also concluded that the lattice parameter of copper is intially
S

decreased by the solution of iron.

Some workers(lz) have linearly extrapolated lattice spacings of dilute
alloys to 1007 solute in an attempt to obtain the "apparent size' of the
solute. Such an extrapolation of the present results or of the Andersen-
Kin;;bury data would yield an apparent lattice parnmetég of fcc iron at room
temperature of about 3.67-3.68 £ -- somewhat above estimates from other sources,
llcdiocualed below. The occurrence of the distinct maxioum near 7.2 at. pct. Fe
in the plot of lattice spacing vs. composition (Fig. 2) suggests, atPthe very
least, that considerable caution should be exercised in any reasoning based

_ on these aortna;f extrapolations. s

*Andersen and Kingsbury state that their lattice spacings were computed
relative to the wave lengths given by Siegbahn in 1933; this reference has

not been found and it is assumed that the well-known 1931 wavelengthe were
used, the lattice spacings then being in kX units which are converted into o
£ by the factor 1.00202. :
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The maxiniﬁm in the lattice spacing%s. composition curve near 7.2 + 0.5

at. pct, Fe (Fig. 2) is believed to be associated with a change in the
(13)

magnetic character of the ;olid solutions. Bitter, et al. and Scheil.; et

al.(la) have measured the susceptibi‘ities of some single-phase copper-rich

-]
iron alloys and determined the ''Curie'" temperatures. Direct measurements

below the second-order transformation do not seem to have been made and it

.
{
A
y
o
t
&
¥

.18 by no means clear tha? the solid soluti.ons are ferromagnetic rather than
antiferromagnetic - in cognizance of the recent proposal(ls) for y-Fe. The
plot of Curie or Neél temperature vs., composition given by Scheil, et al.(m)
may be extrapolated with‘an intersection near room temperature and 7.2 at. pct.
Fe not unlikely. Other extrema in lattice spacings(s) found for para- to ferro-
or antiferromagnetic alloys do not seem to be nearly as pronounced as for the
o0 o
present Cu-Fe data.

At iron concentrations greater than that of the extremum, the fcc lattice @
spacings of the single phase solid solutions gradually decrease. The lattice
param:ters of the fcc solid solutions found in the two-phase region, 20.-80.
at. pct. Fe, are believed to be greater than the lattice parameters of the
single-phase £c® solid solution for the given composition, if this could be

obtained.
-]

4.3 Lattice parameters of y-Fe

gerl:pl the closest approach to a direct estimate of the lattice spacing
of fcc iron below its range of stability is that due to Newkirk(16), who
suggested a ' 3.588 £ at room temperature. This value was derived from the e
% experimental datum by making a small but arbitrary correction for the copper
in solid solution and‘also ia aﬁéarently subject to some poorly understood

“coherency" effects. Koritke(u) has shown, however, that the epitaxial effects
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.propoaed for 7y-Fe, ’n the basis o‘ experiments by Abrahams', et al.

«10-

for iron vapor-deposited onto & single-crystal of copper extended only to a
thickness of ~80 X, with no discernable epitaxy for nickel deposited in a
similar way. Newkirk(m) estimated the size of the y-Fe pargiclea as .+ 1000 2
and 1t°mny be that dilatation due to the copper matrix does not extend

over the bulk of the fcc iron-rich per?ipitates. If the "coherency'" eff;cts
are tentatively rationalized away in this fashion, it still remains to account
for the copper retained in solid solutionm, Newkir.k(m) assumed t:h.at about

3-4 at. pct. Cu was dissolved in the y-Fe particles and adjusted the observed
lattice spacing of 3,590 R to 3.588 on the basis of an assumed linear

variation in lattice parameter between copper and iron. The present results

o
auggea’that there 1is a positive deviation from linearity, perhaps even to
-
the iron-rich end, and that a further, slight downward revision of the

°‘
proposed y-Fe lattice spacing may be necessary. It should be realized,

however, that the amount of copper in solid solution in these precipitates is
not actually known. Although the effect on the lattice spacing cannot be too
great, such physical parameters as the Neél temperature might be greatly
affected. @ In fact, it may be suggested that the Neel temperat\ge of 8°k

(1%) with
iron-rich p’ecipitltes in a copper matrix, be regarded only as tentative Shedn
the effects of the alloying are isolated. It would be useful to comparegthe
8°K value with extrapolati?ns from austepitic phues:‘ but no systematic values
are :vnihble.

e
In the same vein, any estimates of the lattice spacings of y-Fe must

L]
be consistent with extrapolations from austenitic phases. According to the
data collected by Pearaon(s) for several substitutional and interstitial solid

solutions, the value for y-Fe by extrapolation is .~ 3,578 £ at room temperature.
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%o Several sets of Fe-C lattic:parameters(w) leag to somewhat lower value, ~
however, and the situation is ambiguous. Jamieson(w)
° the quandry by sugg:sting &hat sev:ral values for fcc iron were p:ssible.
Kaufman, et al.(zo) have vigorously developed this proposal ans also suggested
correlations between volume and°mgngtic moment/atom. The argnmen‘t's of

attempted to resolve

e e g e

° Kaufman, et 51(20) employ extrapolations to a..3.64 X, from Pt-, Pd- and
Ni-Fe alloys, which do not appear especially convincing to the present writer.
Lattice parameter extrapolations are improved if the deviations from
’linearity can be taken into account ‘e Klement 1) has proposed a dimensionless
o "distortion" parameter which empfrically seems to offer some co.trelations
between the deviations from linearity a:d the positions of the compcgtents in
the periodic classification.' Klement and Luo(21) have shown that rather
good correlations obtain for Pd- and Pt- base binary alloys, ex?:ept that
anomalies due presumably to magnetic effects enter in a way which, so far, is
not understood. Calculations of the distortion parameter vs. composition

B (5)

carried out for fcc binary alloys with Pi'on seem to indicate a good deal

of complexity -- much of which may be tentatively aﬁscribed to magnetic effects.

*

= The onliy correlations apparent involve the distortions for the solute-rich

alloys of Fe with the transition elements of the first long period, for which

the distortions proceed from positive to negati\?e in the sequence,

=

Cu-p Ni 9 Co=» Fe—¥ Mn,

4.4 Iron-rich alloys

%
The variation in lattice spacing with composition for the bcc structures

is approximately linear, with a slope of 1.1 + 0.1 x 10'3 X/lt. pet. Cu, up
to at least 10 at. pct. copper. This %lope is in good agreement with the
0

& B
O

o
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-39 3 .
value of 9.4 x 10 /wt. pct. Cu found for some dilute alloys. If .
the reasonable suggestion 18 allowed that the bcc lattice spacing vs.
composition plot deviates somewhat from linearity, perhaps up to 15 at. pct.
copper might have been dissolved. For the alloys of higher copper content, it
18 clear, however, that there has not been a diffusionless transformation,
without change in composition, from a single-phase fcc solid soluvtion.

Recent work(zz) suggests that the fcc —) bcc transformations in these

o

iron-rich allo;g should be martensitic rather than massive at the present,
L °

very high cooling rates. This, of course, could not be verified because of

[
the inconveniently small 1pd fragmentary specimens. The transformation

mechanism may, in fact, have been grggtly altered due to Eke possible
contamination with carbon and/or nitrogen. ° o
As mentioned elsewhere, fcc phases occasig;ally wg;e &:tected in the
quenched iron-rich alloys. The range of lattice spacings, although not
reproducible, suggests (5)’ that nitrogen and/or carbon-stabilized austenite
had been formed. The interstitial solid solubility of carbon and nitrogen

]
(5 and probably cannot be metastably extended

&)

i; the bcc structures is low
very much because of the ease of diffusion and hence does not affect the
bec lattice spacings significantly. The high,degree of reproducibility of
the lattice spacings for the alloys containing less than 80 at. pct. Fe
strongly suggests that contamination was unimportant for these alloys.

The appreciable re-engineering of the apparatus necessary to definitely
exclude the poasiblity of carbon uﬁg nitrogen pickup was not undertaken for
at least one reason. After the present experiments were in progress, a

paper(23) by Kneller appeared which reported the success in obtaining a

continuous series of solid solutions for Cu-Co alloys by vapor deposition.
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This technique shogld be easily extensible to Cu-Fe alloys, with little
contamination probiema, and with the very promising prospect that foils of
a size suitable f°5 measurement of many physical properties might be obtained.
The difficulties in the liquid - solid transformation would alsogbe avoided
i

and 1t is likely that the solid solubilities could be extended beyond those

reported in this paper. o
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